changes in red cell volume were measured by recording serial changes in microhematocrit readings. Such a technique has the advantage of accuracy, simplicity, and freedom from artefacts. Its disadvantage is that it cannot instantaneously record rapid changes in red cell volume.
Heparinized venous blood was obtained from healthy nonfasting adult male and female volunteers, none of whom were receiving drugs or other medications. Within five minutes, 2.0 ml. samples of the blood so obtained were added to 12-ml. test tubes containing 2.0 ml. of a barely hypotonic solution (0.277 M) of glucose. Stock glucose solutions were made weekly by adding 5.00 gm. analytic grade d-glucose to 100 ml. distilled, demineralized water. Because glucose was already present in venous blood (ca. 70 mg/100 ml.), the resulting dilution gave a final concentration of glucose to which the erythrocytes were exposed of approximately 0.14 M. All glassware was specifically prepared to prevent chemical contamination. It was necessary, however, to pretreat test tubes prior to addition of glucose by spraying lightly with a silicone antifoam agent (Dow Corning Antifoam A) to prevent subsequent frothing. Preliminary experiments showed the antifoam agent to have no effect on the results. All studies were carried out at sea level. Temperatures of the blood-glucose solutions were 21-25°C.
The only anesthetics studied were inhalation anesthetics. The concentration of anesthetics were, except in the case of nitrous oxide, as close as possible to those alveolar concentrations associated in vivo with the maintenance of surgical levels of anesthesia. The concentrations studied were not, therefore, equal either to those concentrations present in inspired air for maintenance of anesthesia nor to those concentrations required for induction of anesthesia. Nitrous oxide was studied in maximal concentrations consistent with the avoidance of oxygen tensions below normal (room air, sea level). The concentrations employed were, in volumes per cent, in oxygen, diethyl ether, 2.3; cyclopropane, 25; nitrous oxide, 80; halothane (Fluothane®) 0.7, and methoxyflurane (Penthrane®) 0.7. Liquid anesthetics were vaporized in vaporizers specifically designed to provide constant concentrations of vapor over wide ranges of flow. Using flowmeters on anesthetic machines, 2.3 per cent ether was obtained by flowing 100 ml. oxygen per minute through a Copper Kettle® vaporizer maintained at a temperature of 150 C. (vapor pressure of ether at 150 C. 360 mmHg), the outflow from the vaporizer then being combined with a diluent flow of 4,000 ml. oxygen per minute. Twenty-five per cent cyclopropane was obtained by admixing flows of 100 ml. cyclopropane and 300 ml. oxygen per minute; 80 per cent nitrous oxide, by admnixing flows of 2,000 ml. nitrous oxide and 500 ml. oxygen per minute. Methoxyflurane (0.7 per cent) was obtained by flowing 2,000 ml. oxygen per minute through a Pentec® vaporizer with the concentration indicator set at 0.5 per cent. Halothane (0.7 per cent) was obtained by flowing 2,000 ml. oxygen per minute through a Mark II Fluotec® vaporizer with the concentration indicator set at 1.0 per cent. As indicated, the latter two vaporizers do not deliver the concentrations indicated on the dial settings when flows of two liters per minute are used.
Glucose solutions were equilibrated with the anesthetic under study prior to the addition of blood by bubbling through the 2.0 ml. solution in the test tube approximately 50 ml. per minute of the anesthetic mixture for at least ten minutes. The same rate of bubbling was then continued for two hours following addition of the blood.
To determine whether glucose permeability is oxygen dependent, comparable studies were performed using 0.0 per cent oxygen (100 per cent helium), 3.0 per cent oxygen in nitrogen, 20 Experiments were also run to determine whether observed changes in hematocrit following exposure of erythrocytes to glucose in the presence of anesthetics were due to entrance of glucose into the erythrocytes or to an effect of the anesthetics on red cell volume. These were performed by bubbling for two hours the same concentrations of anesthetics through erythrocytes suspended in undiluted blood and determining serial changes in hematocrit. Comparable data were also obtained by bubbling the oxygen and carbon dioxide concentrations studied through undiluted blood to determine the effect of oxygen and carbon dioxide per se on hematocrit.
To determine whether changes in red cell volume were associated with expected changes in intra-and extra-cellular glucose concentrations, glucose concentrations in erythrocytes and in the surrounding medium were determined after 5 minutes and after 120 minutes of exposure to 100 per cent oxygen. In these studies whole blood glucose was determined, and, after centrifugation of the 4.0 ml. of blood-glucose mixture, glucose concentration in the plasma-glucose medium was measured, following which the erythrocyte glucose concentration was calculated on the basis of these two glucose determinations plus a simultaneously determined micro-hematocrit. Similar analyses were also performed while 7.11 per cent carbon dioxide was bubbled through the glucose-blood mixture. Chemical determination of glucose was performed in duplicate using the Somogyi-Nelson method. 8 The accuracy of the technique was within ±3 per cent, a degree of accuracy adequate for the present purposes though not adequate to measure glucose consumption by erythrocytes (2.3 mM. per hour per liter of cellse) in a medium containing approximately 2,500 mg/100 ml. glucose.
Statistically, the significance of observed differences in hematocrit values was evaluated by comparing differences between the means of the values obtained at each time and calculating corresponding P values.
RESULTS
There were no changes in hematocrit when any of the gas mixtures employed were bubbled through undiluted blood for two hours. Alterations Table 1 lists changes in hematocrit and in glucose concentrations in "whole blood" (2 ml. heparinized blood plus 2 ml. of glucose solution), in "plasma" (cell-free plasma-glucose medium), and in erythrocytes 5 minutes and 2 hours after admixture when 100 per cent oxygen or 7.11 per cent carbon dioxide was being bubbled throughout. The considerable variation in results obtained after 5 minutes of bubbling is a reflection of the fact that the techniques employed do not allow a rapidly progressing reaction to be stopped at precisely the same time in every instance. The results at five minutes are included to indicate the rapidity with which this dynamic reaction occurs and the variability at this time does not detract from data obtained at a later time, data more pertinent to the matter under study. Although there is some variation from one experiment to the next, within each experiment the total amount of glucose was essentially the same at 2 there was more glucose medium, changes which hours as at 5 minutes. However, after two hours within the erythrocytes and less in the cell-free were associated with increasing red cell volume as indicated by an increasing hematocrit. These data confirm that changes in hematocrit as employed in this study were associated with changes in the amount of glucose within cells, both when oxygen and carbon dioxide were being studied. These data also indicate that after two hours complete equilibrium of glucose between red cells and plasma has almost been achieved, a fact more readily noted when glucose concentrations are calculated on the basis of cell and plasma water instead of on the basis (as in The effects of different gas mixtures are summarized in Table 2 . Changes in hematocrit were not related to oxygen concentration, the differences between the hematocrit changes associated with zero, 3.0, 20.9, and 100 per cent oxygen being statistically insignificant. Permeability to glucose was, however, significantly greater (p < 0.01) in the presence of carbon dioxide than it was in the absence of carbon dioxide. The significance of this difference included comparisons made between any of the concentrations of oxygen and any of the concentrations of carbon dioxide studied. Glucose permeability tended to increase with increasing concentration of carbon dioxide, and the permeability was significantly (p < 0.05) greater with 9.25 per cent carbon dioxide than it was with 2.60 per cent carbon dioxide, thus suggesting the presence of a dose-response curve between carbon dioxide tension and permeability.
Permeability in the presence of ether, cyclopropane, nitrous oxide, or methoxyflurane in therapeutic concentrations in oxygen was not significantly different than glucose permeability in the presence of 100 per cent oxygen. Permeability in the presence of halothane was less than in the presence of 100 per cent oxygen, but the statistical significance was borderline (0.01 < p < 0.05).
Since the results obtained with halothane were not significantly different than the zero per cent oxygen and since the data indicate that permeability is not related to concentration of oxygen, it is most likely that the apparent tendency of halothane to decrease permeability, at least based upon comparisons involving 100 per cent oxygen, is statistically fortuitous. Similarly, attempts to ascribe an effect of anesthetics on permeability by comparisons involving percentages of oxygen other than 100 per cent oxygen would appear labored to the extent of producing erroneous results in view of the fact there is no significant difference between zero, 3.0, 20.9, and 100 per cent oxygen. It is concluded that none of the inhalation anesthetics tested significantly alters the permeability of human erythrocytes to glucose.
DISCUSSION
The complexities involved in glucose penetration into erythrocytes&m ay, at the risk of oversimplification, be summarized for the present purposes by saying that, although species differences exist,' glucose transfer across red cell membranes in man involves a combination of passive diffusion on the one hand and more active processes on the other. That simple diffusion is involved is suggested by the fact that movement of glucose across erythrocyte membranes always occurs down the concentration gradient from regions of higher concentration to regions of lower concentration and up to a certain point Fick's law of diffusion applies to glucose entry into erythrocytes.'5 Furthermore, penetration always occurs to a diffusion equilibrium, and normally there is no difference in glucose concentration in plasma water and red cell water at equilibrium. However, more than passive diffusion is involved. For example, as the internal concentration of glucose rises, the entry of glucose into erythrocytes is retarded to a greater extent than anticipated if diffusion alone were involved.' The rate of entry is also too rapid to be explained by diffusion alone and is temperature-dependent in a manner that cannot be ascribed to diffusion.'5 Finally, permeability is dependent upon steric and structural differences among the different sugars,`5" upon competition among pairs of sugars,'5 and can be deprxessed by potent inhibitors," all of which make it unlikely that passive diffusion alone explains the penetration of glucose into human red cells. But although there is unanimity that more than diffusion is operative, there is no unanimity as to what these additional factors are nor how they operate. The theories advanced to explain that portion of glucose transfer which cannot be ascribed to diffusion are of three types. One is the theory of active transport.' This theory hypothesizes the presence of surface enzymes on either side of the cell membrane. The enzymes, it is postulated, temporarily transform glucose into a membranesoluble transport form which is capable of penetrating the cell membrane more readily than by diffusion of unaltered glucose. The second theory, and perhaps the most popular at the present time, invokes the process of facilitated diffusion wherein sugars form dissociated complexes with "carriers" that exist in the surface of the erythrocyte and the sugar is then transported across the membrane into the cell by these carriers." " X" ' Carriers may be specific for certain sugars or may transport more than one sugar."5 Closely related to theories of both active transport and facilitated diffusion is the theory that dimerases are present in red cell membrane and by their action on glucose form dimers? that are associated with decreased resistance to transfer across the membrane.'5 The third major theory of glucose transport is that of altered diffusion.'8 This theory states that penetration of glucose into erythrocytes occurs through aqueous channels in the pores in red cell membranes and hence is determined by the structure of the sugar molecule, by the size (including degree of hydration) of the aqueous channels, and by the charge and degree of hydrogen bonding occurring in the pores.'
The present results demonstrate that carbon dioxide increases the permeability of erythrocytes to glucose, a finding opposed to results previously reported in the brief note' that constitutes the only other study of this matter. Since the details of the means by which glucose enters erythrocytes remain incompletely defined, it is impossible to state how carbon dioxide increases glucose permeability of red cells. Since, however, passive diffusion is quantitatively a greater determinant of the rate of entry of glucose into red cells than is entry by active means, and since the changes observed with carbon dioxide are relatively gross, it is more likely that carbon dioxide alters glucose permeability by affecting passive rather than active entry. The data in Table 1 and the fact that hematocrit readings did not change during bubbling of carbon dioxide through undiluted blood, indicate that the increase in hematocrit with carbon dioxide is associated with increased intracellular glucose and not merely with an increased number of osmotically active intracellular bicarbonate ions, an occurrence further unlikely in view of chloride shifts that accompany changes in carbon dioxide tension. The increase in permeability to glucose upon exposure to carbon dioxide is probably also unrelated to concurrent changes in pH. If pH were a significant factor under the present conditions, permeability would also be expected to be related to oxygen concentration in view of the fact that oxyhemoglobin is more acid than reduced hemoglobin. Furthermore, the relationship between pH and erythrocyte permeability to glucose" is too complex to explain the present results that suggest a relatively simple relationship between permeability and carbon dioxide tension. For example, the rate of entry of glucose into erythrocytes is slowest at pH 7.0 and most rapid at pH 6.0 as well as at pH 8.0, the rate of entry of glucose into erythrocytes being the same at the latter two pH's.' If changes in pH were the explanation for the changes in permeability observed with carbon dioxide in the present study, it would be expected that carbon dioxide tensions so low as to be associated with alkalosis (2.60 per cent carbon dioxide) would be associated with increases in permeability equal to those increases observed with carbon dioxide concentrations high enough to be associated with an acidosis (9.25 per cent carbon dioxide). Instead, there appears to be a dose-response curve between carbon dioxide and permeability as evidenced by the present data using zero (i.e., 100 per cent oxygen), 2.60, 6.23, 7.11, and 9.25 per cent carbon dioxide. The possibility should be mentioned, however, that carbon dioxide might have no effect on the rate at which glucose enters erythrocytes but might decrease the rate at which glucose leaves erythrocytes with the result that cell volume would increase even though permeability to the entry of glucose was unaltered. Under the conditions of these present experiments even though the net amount of glucose within erythrocytes increased with time due to passage of glucose across the cell membrane into the cell, glucose was also simultaneously going across the membrane in the opposite direction, though at a lesser rate, and leaving the cell.3 An agent such as phlorizin, for example, inhibits exit of glucose from red cells more than entrance of glucose into red cells,"' and if carbon dioxide were to have the same effect this might explain the present results of an increase in hematocrit in the presence of unaltered permeability of the cell membrane to the inward passage of glucose.
In view of the fact that inhibitors of oxygen utilization have no effect on the permeability of erythrocytes to glucose,' it is perhaps not unexpected that the present results show the rate at which glucose enters erythrocytes is independent of oxygen concentration. The present data emphasize that the mechanisms responsible for membrane transport of glucose into erythrocytes function as well aerobically as they do anaerobically. These findings are not in agreement with the reporte that erythrocyte permeability (as measured by the rate of hemolysis in hypotonic solutions) is increased in the absence of oxygen, possibly because of differences in experimental design, but the present data do agree with the observation that the permeability of erythrocytes to nonelectrolytes such as ethylene glycol is uninfluenced by anoxia.' The present data demonstrate that inhalation anesthetics do not have as a common property the ability to alter significantly the permeability of cell membranes to glucose. More refined techniques capable of measuring, for example, changes in active transfer mechanisms might demonstrate the inhalation anesthetics do indeed have an effect, but the more important passive transfer of glucose across red cell membranes in unaffected. That anesthetics do decrease the permeability of cell membranes to glucose has been suggested on the basis of in vitro work employing nonvolatile depressants,1'" ' but the practical significance of such in vitro inhibition of glucose permeability as far as clinically useful anesthetics is concerned is slight since the depressants studied were urethane, derivatives of urethane, and high molecular weight alcohols. It has also been suggested" on the basis of in vivo work in man that inhalation anesthetics decrease glucose utilization, possibly by impairing cell membrane transport. Although there is some doubt as to whether inhalation anesthetics do in fact decrease glucose utilization in man," the present data, essentially of research value and with little or no clinical applicability, neither support nor disprove the possibility that anesthetics in vivo may decrease cellular glucose consumption since in the present study glucose consumption was so low as to be unmeasurable. But if anesthetics were proven to decrease glucose utilization in vivo, the present data would suggest that such an effect is probably not secondary to direct inhibition of glucose transport across cell membranes. Also, the present data neither support nor disprove the possibility that anesthetics may decrease glucose utilization in vivo by virtue of concurrent effects of the anesthetics on hormonal activity, tissue blood flow, or tissue gas tensions. As a corollary, the present data shed no light on the possibility' that anesthetics may alter glucose transfer across cell membranes by altering insulin activity. Erythrocytes are one of the types of cells in man in which glucose transfer is not insulin dependent. And, finally, anesthetics may have effects on permeability to electrocytes and nonelectrolytes other than glucose which differ from those observed in the present study. Factors regulating permeability to glucose are not necessarily related to factors regulating permeability to other substances.
Whether the present results on the effects of anesthetics, oxygen, and carbon dioxide on the permeability of human erythrocytes also pertain to other sugars is the subject of further investigations presently under way.
SUMMARY
The permeability of normal human erythrocytes to glucose was evaluated in vitro by measuring changes in red cell volume following exposure of red cells to hypotonic glucose solutions. Glucose permeability was independent of oxygen concentration but was increased by carbon dioxide. None of the five inhalation anesthetics studied (ether, cyclopropane, nitrous oxide, halothane, and methoxyflurane) had a significant effect on glucose permeability when employed in therapeutic concentrations.
